Nonstructural protein 1 (NS1) is one of the major factors resulting in the efficient infection rate and high level of virulence of influenza A virus. Although consisting of only approximately 230 amino acids, NS1 has the ability to interfere with several systems of the host viral defense. In the present study, we demonstrate that NS1 of the highly pathogenic avian influenza A/Duck/Hubei/L-1/2004 (H5N1) virus interacts with human Ubc9, which is the E2 conjugating enzyme for sumoylation, and we show that SUMO1 is conjugated to H5N1 NS1 in both transfected and infected cells. Furthermore, two lysine residues in the C terminus of NS1 were identified as SUMO1 acceptor sites. When the SUMO1 acceptor sites were removed by mutation, NS1 underwent rapid degradation. Studies of different influenza A virus strains of human and avian origin showed that the majority of viruses possess an NS1 protein that is modified by SUMO1, except for the recently emerged swine-origin influenza A virus (S-OIV) (H1N1). Interestingly, growth of a sumoylation-deficient WSN virus mutant was retarded compared to that of wild-type virus. Together, these results indicate that sumoylation enhances NS1 stability and thus promotes rapid growth of influenza A virus.
A series of influenza A virus outbreaks in recent years has led to intensified interest in these zoonotic viruses. Influenza A viruses are negative-sense single-stranded RNA viruses of the family Orthomyxoviridae that are further subdivided according to their 16 hemagglutinin (HA) and 9 neuraminidase (NA) subtypes (13, 61) . The natural reservoirs of influenza A viruses are aquatic birds, from which they are occasionally transmitted to other species, including humans, where they are responsible for annual epidemics and less frequent pandemics. The most recent pandemic, caused by the swine-origin influenza A virus (S-OIV) (H1N1), originated in the beginning of 2009 in Mexico and the United States and quickly spread around the world (7, 14, 62) .
Although not yet adapted to humans, highly pathogenic avian influenza (HPAI) viruses are also still of considerable concern (10, 11, 57) . Understanding the pathogenesis of these newly emerged viruses is therefore mandatory.
The 10 or 11 viral proteins encoded by the influenza A virus genome include the multifunctional nonstructural protein NS1 (22) . Past and recent studies have indicated that NS1 is involved not only in the regulation of transcription and translation of the viral genome but also in a variety of virus-host interactions (22) . The most prominent among these functions is the role of NS1 as an interferon (IFN) antagonist. Virus lacking NS1 is unable to replicate efficiently in an IFN-competent system (3, 16, 32) . NS1 antagonizes IFN by inhibiting IFN production and interfering with IFN-induced antiviral processes. The mechanisms involved in suppression of IFN production include, on one hand, inhibition of mRNA induction by interfering with the RIG-I/IRF signaling pathway (15, 38) and, on the other hand, inhibition of processing and translation of IFN mRNA. Thus, NS1 inhibits pre-mRNA splicing and polyadenylation by binding to U6 snRNA, CPSF30, and PABII (8, 43, 45, 48) , and it inhibits nuclear export by targeting the mRNA export machinery and the nuclear pore complex (53) . NS1 also mediates resistance to IFN-induced antiviral processes by targeting protein kinase R (PKR) and 2Ј-5Ј-oli-goadenylate synthetase (2Ј-5Ј-OAS), both of which are key regulators of transcription and translation of viral genes (35, 39, 40) . It is reasonable to assume that modulation of NS1 by posttranslational modification is required to allow so many different functions for a protein that has an approximate molecular mass of Ͻ30 kDa. It has been demonstrated that NS1 proteins from certain strains are phosphorylated at their C termini (6, 21, 47) . Although removal of a phosphorylation site by a threonine-alanine substitution at position 215 resulted in viral attenuation of A/Udorn/72 virus (21) , the precise biological functions of NS1 phosphorylation remain unclear. Recently, NS1 was reported to be modified by ISG15, which appears to be an antiviral host response (58, 64) . Only a little is known about other posttranslational modifications of NS1 and their functional implications.
The family of SUMO (small ubiquitin-like modifier) proteins was recently discovered as a group of reversible posttranslational protein modifiers. The four SUMO paralogs in mammals, SUMO1 to -4, share high structural homology with ubiquitin and are covalently attached to target proteins in a similar fashion (19) . After proteolytic maturation, exposing a C-terminal Gly-Gly motif, SUMO proteins are attached via an isopeptide bond between the C terminus and a lysine residue of the target protein by a three-step enzymatic cascade. First, the SUMO-activating enzyme E1, which consists of a heterodimer of the Aos1/SAE1 and Uba2/SAE2 proteins and is equivalent to the ubiquitin-activating enzyme Uba1, activates and transfers SUMO to the conjugating enzyme E2. Second, Ubc9, the only known E2 conjugating enzyme for SUMO, interacts with and transfers SUMO to a lysine residue of the target protein. Third, the transfer of SUMO from Ubc9 to the target protein is further facilitated by several SUMO ligases (E3) (24) . Sumoylation is a highly dynamic and reversible process which is accomplished by SUMO-specific proteases (SENPs) catalyzing the deconjugation of SUMO from its substrates (41) . Ubiquitin and SUMO both regulate protein localization and activity by serving as adaptors for protein-protein interactions (19) . Ubiquitin plays a central role in targeting proteins for proteolytic degradation by the proteasome. Moreover, ubiquitination is important for receptor endocytosis and for several processes in transcriptional control and DNA repair. Sumoylation not only has been implicated in a variety of mainly nuclear processes, such as regulation of nuclear transport and gene transcription, DNA repair, and chromatin remodeling, but also is involved in signal transduction events (17, 18, 20) . More recently, it was reported that NS1 of an H1N1 influenza A virus may also be a target of sumoylation (46) . However, an exact biochemical characterization including the modification site is still lacking. Moreover, it remains unclear whether sumoylation is a conserved feature of NS1 proteins among influenza A viruses and whether NS1 proteins of HPAI strains also carry this modification.
In the present study, we demonstrate that NS1 of an HPAI H5N1 virus is able to interact with human Ubc9 and, as a consequence, is posttranslationally modified by SUMO1. We further identify two C-terminal lysine residues, at positions 219 and 221, as those responsible for sumoylation of NS1. Mutation of these lysine residues reduces the stability of NS1 and its ability to suppress host protein expression and, furthermore, causes a retardation of virus growth. Our data also suggest that sumoylation of NS1 is a posttranslational modification common to most strains. Interestingly, however, NS1 from the newly emerging S-OIV (H1N1) is an exception, since the sumoylation motif is abrogated by a C-terminal deletion.
MATERIALS AND METHODS
Cell culture and transfection. Human embryonic kidney 293T cells (HEK293T), HEK 293 cells, human cervical epithelial cancer cells (HeLa), Madin-Darby canine kidney cells (MDCK), and human lung adenocarcinoma epithelial A549 cells purchased from the ATCC were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (Gibco) at 37°C in a CO 2 incubator.
Lipofectamine 2000 (Invitrogen) was applied for transient transfection following the manufacturer's procedure.
Plasmids and small interfering RNAs (siRNAs). (56) .
All NS1 genes were amplified with specific primers and were cloned into pcDNA-3ЈHA (Invitrogen). Subsequently, NS1 genes with the HA tag at the 3Ј end were amplified by PCR and subcloned into pCAGGS vector, kindly provided by Jun-Ichi Miyazaki (Osaka University). The NS1 gene from S-OIV A/Sichuan/ 1/2009 (H1N1) was amplified with primers carrying a 5Ј HA sequence and then cloned into pCAGGS vector so that the C-terminal deletion was kept intact. An NS1 mutant unable to bind to CPSF30 (NS1 CPSFm ) was obtained by using a QuikChange mutagenesis kit (Stratagene) on pCAGGS-NS1 with primers containing F103S and M106I mutations (31) . Mutations of potential sumoylation sites on NS1 genes were introduced by performing one-step mutation PCR on pCAGGS-NS1, using primers containing the respective lysine (K)-to-arginine (R) mutation(s). All plasmids expressing NS1 were splice acceptor mutants in which the intron-exon junction of the CCAGGA sequence was replaced by CCCGGG to prevent production of spliced NS2 mRNA (2) . The RNA-binding domain (RBD) (NS1 ) and the effector domain (NS1 74-225 ) of NS1 were cloned into pCAGGS vector with a 3Ј HA tag. To restore the full-length C terminus of swine-origin NS1 without altering the NS2 sequence, a stop codon after K219 was mutated to arginine (23) . The resulting gene was cloned into the pCAGGS vector together with an N-terminal HA tag (swNS1 STOPmut ). To generate recombinant virus, NS cDNA from A/Duck/Hubei/L-1/2004 (H5N1) was cloned into the pHW2000 vector. Sumoylation-deficient NS cDNA in the pHW2000 vector was obtained by one-step mutation PCR with primers containing K219E and K221E mutations, which kept the NS2 sequence intact.
The Saccharomyces cerevisiae expression plasmid pGAD-Ubc9 was obtained by amplifying Ubc9 from HeLa cell cDNA, which was then cloned into pGADT7 vector (Clontech), and the pUbc9-GST plasmid for prokaryotic expression was obtained by cloning the Ubc9 gene into pGEX4T-1 (GE). Ubc9 was also subcloned into pEGFP-C1 vector (Clontech) to obtain pEGFP-Ubc9. Human SUMO1, SUMO2, and SUMO3 were subcloned into pcDNA3 harboring cerulean (Cer; a variant of enhanced cyan fluorescent protein with a higher quantum yield and improved fluorescence lifetime [50] ) to obtain Cer-SUMO1, Cer-SUMO2, and Cer-SUMO3 (30) . Cer-SUMO1 AA was obtained by one-step mutation PCR with primers encoding GG-to-AA mutations at the C terminus of SUMO1. SUMO1 was further subcloned into pCAGGS to obtain pCAGGS-SUMO1. Expression plasmids pcDNA3-SENP1 (SENP1) and pcDNA3-SENP1 mut (SENP1 mut ) were described previously (9) .
A luciferase reporter plasmid, pIFN␤-Luc, was constructed by amplifying the human IFN-␤ promoter (positions Ϫ320 to ϩ21) from the HeLa cell genome and cloning it into the pGL3-Enhancer vector (Promega).
All plasmids were confirmed by sequence analysis. K219,221E was cotransfected with the remaining seven viral cDNAs from A/WSN/33 (H1N1) into HEK293T cells. The supernatant was then transferred onto MDCK cells at 72 h posttransfection. Virus multiplied from MDCK cells was further purified by a two-round plaque assay followed by multiplication. Viral RNA was extracted using a QIAamp viral RNA kit (Qiagen), followed by reverse transcription-PCR using Moloney murine leukemia virus reverse transcriptase (Invitrogen) and Uni12 primers (27) . The viral cDNAs were then verified by commercial sequencing.
To examine the sumoylation of NS1 in infected cells, virus titers for infection were determined by plaque assay titration on A549 cells. Cells were transfected with siRNAs, followed by virus infection at a multiplicity of infection (MOI) of 5 for 1 h. Cell extracts were collected at 8 h postinfection and analyzed by Western blotting.
To stimulate IFN expression in the luciferase reporter assay, IFN-inducing Sendai virus (SeV) propagated in 10-day-old specific-pathogen-free (SPF) chicken embryos was used. The virus titer was measured by HA assay with 0.5% chicken red blood cells, and 10 HA units per well of SeV was used to infect HEK293T cells in 24-well plates.
Viral growth kinetics. Confluent A549 cells were infected with wild-type A/WSN/33 (H1N1) virus (WSN-WT) or its sumoylation-deficient mutant (WSN-K219,221E) at an MOI of 0.1. Cell supernatants were harvested at the indicated times, and samples were titrated by plaque assay on MDCK cells.
Yeast two-hybrid assay. The Matchmaker two-hybrid system 3 (Clontech) was used to identify the interaction(s) between NS1 and host proteins in vitro. The full-length A/Duck/Hubei/L-1/2004 (H5N1) NS1 gene was cloned in frame into pGBKT7 (Clontech) to generate the bait plasmid pGBK-NS1. However, because of strong self-activation of the pGBK-NS1 bait, we generated a series of Cterminal deletions of NS1 which were then tested for self-activation. pGBK-NS1 , containing the N-terminal 162 amino acids (aa 1 to 162) of NS1 in pGBKT7, which did not show self-activation, was selected as the bait plasmid. The yeast strain AH109 transformed with the bait plasmid pGBK-NS1 was subsequently transformed with a human lymphocyte cDNA library in pACT2 (Clontech). SD/Trp-Leu yeast synthetic medium lacking tryptophan and leucine was used to select cotransformants. SD/Trp-Leu-His-Ade yeast synthetic medium lacking tryptophan, leucine, histidine, and adenine was used to select potential interactors. Colonies surviving on SD/Trp-Leu-His-Ade plates after 4 to 6 days at 30°C were further subjected to colony lift filter assay of ␤-galactosidase activity, and plasmid DNAs were prepared from positive colonies and sequenced for identification of cDNA clones.
The yeast strain SFY526, which contains a quantifiable lacZ reporter (kindly provided by George F. Gao, Institute of Microbiology, Chinese Academy of Sciences), was used for confirmation and calculation of the interaction strength between NS1 and human Ubc9. Yeast expression plasmids pGBK-NS1 1-162 and pGAD-Ubc9 were cotransformed into the yeast strain SFY526. A ␤-galactosidase colony lift filter assay using X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) as the substrate and a liquid culture assay using ONPG (o-nitrophenyl-␤-D-galactopyranoside) as the substrate were carried out according to the instructions in the Clontech Matchmaker manual and were repeated at least three times.
Protein expression, purification, and GST pull-down assay. To purify glutathione S-transferase (GST) or GST-Ubc9 proteins, Escherichia coli strain BL21 was transformed with pGEX4T-1 or pUbc9-GST, and expression was induced with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside). Cells were harvested after 12 h, resuspended in ice-cold phosphate-buffered saline (PBS), and homogenized by sonication. The lysates were cleared by centrifugation, and the supernatant was subjected to Sepharose 4B-glutathione resin (GE) for affinity purification. GST or GST-Ubc9 proteins were eluted from the column with 10 mM glutathione elution buffer.
For pull-down assays, equal amounts of purified GST or GST-Ubc9 were bound to Sepharose 4B-glutathione, and beads were mixed for 4 h at 4°C with 2 ml lysate from HEK293T cells expressing HA-tagged NS1 protein. The beads were washed three times with PBS. Bound proteins were eluted with SDS sample buffer and analyzed by SDS-PAGE and Western blotting.
Immunoprecipitation and Western blot analysis. HEK293T cells were transfected with HA-tagged NS1 plasmids and collected at 36 h posttransfection. Cells were washed with cold PBS, lysed in RIPA lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mM EDTA) supplemented with Complete protease inhibitor (Roche) and 10 mM N-ethylmaleimide (NEM; Sigma) at 4°C for 20 min, and then centrifuged at maximum speed in an Eppendorf microcentrifuge to remove cell debris. The supernatant was subjected to immunoprecipitation with anti-HA agarose (Sigma) at 4°C for 4 h. Subsequently, the beads were washed 5 times with RIPA buffer and eluted with SDS loading buffer, and eluates were separated by SDS-PAGE. Proteins were transferred to nitrocellulose membranes (Bio-Rad). NS1 proteins were detected with anti-HA polyclonal antibody (Sigma) and horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG secondary antibody (Southern Biotech). SUMO1 was detected with anti-SUMO1 monoclonal antibody (Zymed) and HRP-conjugated goat anti-mouse IgG secondary antibody (R&D). GST and Ubc9-GST were detected with anti-GST polyclonal antibody (Antibody Research Centre, Shanghai Institutes for Biological Sciences). Cer-SUMO was detected with anti-green fluorescent protein (anti-GFP) antibody (Antibody Research Centre, Shanghai Institute of Biological Science). Actin was detected with anti-actin polyclonal antibody (Sigma). Secondary antibodies were visualized with an enhanced chemiluminescence kit (RPN2132; GE).
To examine the sumoylation of NS1 in infected cells, A549 cells were collected at 8 h postinfection. The cells were lysed directly in SDS loading buffer at 100°C for 10 min and immediately subjected to Western blot analysis using anti-NS1 polyclonal antibody (Antibody Research Centre, Shanghai Institute of Biological Science).
To block protein synthesis, HEK293 cells were treated at 36 h posttransfection with 100 g/ml cycloheximide (CHX; Sigma). Cells were lysed at 0, 2, 4, 6, and 8 h post-CHX treatment and subjected to immunoprecipitation to pull down NS1 protein. NS1 amounts were analyzed by Western blotting with anti-HA antibody.
Luciferase reporter assay. Firefly and Renilla luciferase activities were measured using a dual-luciferase kit (Promega) and a Veritas microplate luminometer (Turner Biosystems) with the Veritas 2.0.40 software package. HEK293T cells were seeded in 24-well plates 24 h before transfection. Fifty nanograms of the IFN-␤ promoter reporter plasmid pIFN␤-Luc expressing firefly luciferase, 1 ng of Renilla luciferase-expressing plasmid pSV40-Ren (pRL-SV40; Promega), and 1 g of NS1-expressing plasmid were cotransfected into HEK293T cells by use of Lipofectamine 2000 (Invitrogen). Cells were infected with 10 HA units/ well SeV to induce IFN expression at 16 h posttransfection. Cells were harvested an additional 16 h later and lysed by passive lysis buffer (Promega) for luciferase assay. The experiments were done at least twice, with at least duplicate samples in each study. Results are presented as means plus standard deviations.
Immunocytochemistry and confocal microscopy. HeLa or A549 cells cultured on glass slides were fixed with 4% paraformaldehyde (PFA) and permeabilized with 0.1% Triton X-100 in PBS. Cells were then immunolabeled with corresponding antibodies for 2 h. HA-tagged NS1 was detected with either anti-HA monoclonal antibody (Covance) or anti-HA polyclonal antibody (Sigma), and SUMO1 was detected with anti-SUMO1 monoclonal antibody (Zymed). Cells were washed 5 times with PBS and incubated with goat anti-mouse-Alexa 488 (Molecular Probes) together with goat anti-rabbit-Cy3 (Jackson) or goat antirabbit-Alexa 488 (Molecular Probes) together with goat anti-mouse-Cy3 (Jackson) for 1 h. DAPI (4Ј,6-diamidino-2-phenylindole; Sigma) was used for nuclear staining. All images were acquired on a Leica TCS SP2 confocal microscope (Leica Microsystems).
RESULTS

Identification of human Ubc9 as an H5N1 NS1-interacting protein in yeast two-hybrid assays.
To identify novel cellular interaction partners of the NS1 protein of an H5N1 HPAI virus, a yeast two-hybrid screening assay was applied by use of the NS1 gene of A/Duck/Hubei/L-1/2004 (H5N1) virus and a cDNA library from human lymphocytes. Initial experiments with full-length NS1 (225 aa) as a bait resulted in self-activation of NS1 cotransfected with empty vector pGADT7 (data not shown). Thus, a C-terminally truncated NS1 protein lacking the last 63 aa (NS1 ), which did not display self-activation, was used as the bait in the yeast two-hybrid assay. As shown in Fig. 1A , an interaction between NS1 1-162 and the human SUMO E2 enzyme Ubc9 was observed in yeast strain AH109 growing on an SD/Trp-Leu-His-Ade plate. The interaction was further confirmed and quantified by ␤-galactosidase assay with yeast strain SFY526, which resulted in ϳ20% of the signal for positive-control p53 and T antigen, indicating a me-dium interaction strength between NS1 1-162 and Ubc9 (Fig. 1B  and C) . These results indicate that human Ubc9 is able to interact with NS1.
NS1 and Ubc9 interact in vitro and colocalize in the nucleus. To further verify the interaction between NS1 and human Ubc9, we performed GST pull-down experiments. GST-Ubc9 or GST was expressed in E. coli and incubated on glutathioneSepharose columns with full-length NS1 from A/Duck/Hubei/ L-1/2004 (H5N1) expressed in HEK293T cells. NS1 showed a strong interaction with GST-Ubc9, whereas it did not bind to GST alone ( Fig. 2A) . NS1 consists of an RBD and an effector domain which are connected by a flexible linker. We thus asked whether either of the two domains would mediate the interaction with Ubc9. Again, GST pull-down experiments were performed, using GST-Ubc9 and both domains of NS1 expressed individually in 293T cells. Surprisingly, neither the RBD (aa 1 to 73) nor the effector domain (aa 74 to 225) of NS1 was able to bind to GST-Ubc9 (Fig. 2B) . These results suggest that the interaction between NS1 and Ubc9 is dependent on an intact conformation of NS1 protein.
Having identified the interaction between NS1 and Ubc9, we wanted to know where the interaction occurs in mammalian cells. In infected cells, NS1 is located inside the nucleus throughout most of the infection cycle (36, 44) . Similarly, the major fraction of Ubc9 is also found in the nucleus (52) . Thus, we tested whether NS1 and Ubc9 proteins colocalize in the nucleus. HeLa cells were cotransfected with HA-tagged NS1 and Ubc9 fused to GFP. Immunocytochemistry revealed that Ubc9 was localized predominantly in the nucleus and that only a small proportion was localized in the cytoplasm, while NS1 was localized almost completely in the nucleus. An overlay of both channels indicated a strong colocalization between NS1 and Ubc9 (Fig. 2C) . This suggests that the interaction between NS1 and Ubc9 proteins takes place mainly in the nucleus.
The H5N1 NS1 protein is sumoylated in vivo. It is believed that the primary function of Ubc9 is to mediate the transfer of SUMO to target proteins (24) . We therefore examined whether NS1 protein from the H5N1 subtype is a target of SUMO modification. To address this question, we first assessed the subcellular localization of NS1 and SUMO1 by immunocytochemistry with cells cotransfected with HA-tagged NS1 and SUMO1. As we expected, a strong colocalization was observed between NS1 and SUMO1 in nuclei (Fig. 3A) . Second, we examined sumoylation of NS1 in transfected cells. HEK293T cells were cotransfected with HA-tagged NS1 and Cer-SUMO1, and the expression of Cer-SUMO1 was monitored by fluorescence microscopy prior to sumoylation analysis. A strong inhibition of Cer-SUMO1 expression was observed in NS1-cotransfected cells, which was most likely caused by the mRNA-interfering properties of NS1 protein (see Fig.  S1 in the supplemental material). To overcome this, an NS1 mutant (NS1 CPSFm ) which contained two point mutations within the CPSF30-binding sites and thereby lost the ability to inhibit cellular pre-mRNA processing (31) was used and showed no significant reduction of SUMO expression (see Fig.  S1 ). The G-protein-interacting protein phosducin (Phd), recently identified to be sumoylated, was used as a positive control for sumoylation (30) . HA-tagged NS1, NS1 CPSFm , or Phd was enriched by immunoprecipitation with anti-HA antibody after quick lysis of the cells in the presence of NEM to prevent desumoylation. Proteins were analyzed by SDS-PAGE and subsequent Western blot detection with anti-HA antibody. For cells not expressing Cer-SUMO1, NS1 and Phd were detected as bands of ϳ30 kDa and ϳ33 kDa, respectively. However, with cells coexpressing Cer-SUMO1, a second band was detected for NS1-and Phd-transfected cells, at ϳ70 kDa and ϳ73 kDa, respectively (Fig. 3B, left panel) . The shifts in molecular mass of ϳ40 kDa can be explained by modification of NS1 and Phd with Cer-SUMO1. Bands of ϳ70 kDa and ϳ73 kDa were also observed when the same samples were probed again with anti-SUMO1 antibody, confirming that they were sumoylated forms of NS1 and Phd (Fig. 3B, right panel) . Remarkably, the ϳ70-kDa band of NS1 was more pronounced in NS1 CPSFmexpressing cells than in NS1-expressing cells, reflecting inhibition of Cer-SUMO1 expression by NS1. To ensure maximal sumoylation, NS1 CPSFm was therefore used in the following experiments. A SUMO1 mutant which cannot be attached to target proteins (Cer-SUMO1 AA ) further verified the sumoylation of NS1. The ϳ70-kDa sumoylated form of NS1 was detectable only when NS1 CPSFm and Cer-SUMO1, not NS1 CPSFm and Cer-SUMO1 AA , were coexpressed (Fig. 3C) . Taken together, the data confirm that NS1 of the H5N1 subtype is a target for sumoylation with SUMO1.
Deconjugation of SUMO1 from NS1 is regulated by SENP1. Sumoylation is a highly dynamic process which is mediated by several proteases (SENPs) specifically cleaving SUMO from substrate proteins. Among these, SENP1 is the predominant protease for the cleavage of SUMO1 (49) . We thus tested whether SENP1 is involved in SUMO1 modification of NS1. As shown in Fig. 4A , when SENP1 was coexpressed with Cer-SUMO1 and NS1 CPSFm , the sumoylated band of NS1 was strongly reduced, while in cells coexpressing a functionally deficient SENP1 protein (SENP1 mut ), the ϳ70-kDa band representing sumoylated NS1 was affected little. This result indicates that SENP1 is involved in the SUMO1 modification of NS1 CPSFm and cleaves SUMO1 from NS1 CPSFm . Detection of sumoylated proteins is often difficult owing to the rapid cycle of sumoylation and desumoylation, which ultimately results in low steady-state levels of modified proteins. Nevertheless, it was of interest to find out whether NS1 is also modified by endogenous SUMO1. To accomplish this, we took advantage of the above-mentioned desumoylation of NS1 by SENP1. NS1 CPSFm protein was immunoprecipitated from cells expressing HA-tagged NS1 CPSFm and analyzed by Western blotting. In addition to the 30-kDa band of NS1, a band of approximately 43 kDa was detected, in accordance with an 11-to 15-kDa mass shift caused by endogenous SUMO1. Coexpression of SENP1 strongly reduced the appearance of this additional band, whereas SENP1 mut did not (Fig. 4B) . These data show that NS1 is indeed modified with endogenous SUMO1 in mammalian cells and that this reaction is reversed by SENP1.
NS1 is sumoylated in infected cells. In order to address whether the sumoylation of H5N1 NS1 protein occurs naturally in infected cells, A/Duck/Hubei/L-1/2004 (H5N1) NS cDNA was introduced into an A/WSN/33 (H1N1) background to generate a recombinant virus expressing H5N1 NS1 protein (r-H5N1-NS virus) that can be operated under biosafety level 2 conditions. siRNAs specific for human Ubc9 and SENP1 were used to detect endogenous sumoylation of NS1 protein. A549 cells were transfected with siRNAs as indicated, followed by infection with r-H5N1-NS virus at 24 h posttransfection. Extracts from cells collected at 8 h postinfection were analyzed by immunoblotting with anti-NS1 antibody. As shown in Fig. 5 , a band of ϳ28 kDa representing untagged NS1 protein and an additional, ϳ43-kDa band corresponding to NS1-SUMO were detected in cells transfected with control siRNA (NC). The ϳ43-kDa sumoylated NS1 protein was clearly increased in cells transfected with the two SENP1-specific siRNAs. In contrast, for mock-infected cells and cells transfected with Ubc9-specific siRNA, the ϳ43-kDa band was not detectable. These data further show that NS1 is also sumoylated in infected cells by endogenous SUMO, which is regulated by Ubc9 and SENP1. The SUMO1 acceptor sites are located at the C terminus of H5N1 NS1. Having determined that influenza virus NS1 protein is posttranslationally modified by SUMO1, we tried to identify the modification sites in NS1. Sequence analysis revealed that A/Duck/Hubei/L-1/2004 (H5N1) NS1 contains 13 lysine residues, 2 of which are located in sumoylation consensus motifs (KXD/E; is a hydrophobic residue and X is any amino acid), at positions 77 to 80 (LKMP) and 117 to 120 (IKMD) (sequence numbering is according to the PR8 NS1 sequence) (17) . However, since more and more proteins have been identified to be sumoylated at nonconsensus sites (29) , systematic one-by-one mutations of all 13 individual lysine residues were introduced into NS1 CPSFm to include all possible modification sites, and the ability of these mutants to be sumoylated was investigated. Since neighboring lysine residues may substitute for each other as SUMO acceptors, two double mutants (NS1 CPSFm K108,110R and NS1 CPSFm K219,221R ) were also established. Indeed, mutation of the lysine residues in the two sumoylation consensus sequences (NS1 CPSFm K78R and NS1 CPSFm K115R ) did not result in reduced sumoylation compared to that with NS1 CPSFm (Fig. 6A) . Of all single mutants, only NS1 CPSFm K221R displayed a significant decrease of sumoylation (Fig. 6A) . The mutation of K221 together with the nearby residue K219 completely abolished sumoylation of NS1 CPSFm , while the K219R mutation itself was not able to affect sumoylation levels (Fig. 6A) . The sumoylation sites at positions 219 and 221 were further examined in wild-type NS1 to exclude any possible influence of the CPSF30-binding-site mutations in NS1 CPSFm . NS1 or NS1 K219,221R was cotransfected with either Cer-SUMO1 or Cer-SUMO1 AA . Again, only NS1 was modified by Cer-SUMO1, while NS1 K219,221R lost this modification (Fig. 6B) . These data indicate that K221 most likely is the major SUMO1 acceptor site of NS1, whereas K219 may substitute for it.
In addition to SUMO1, two other paralogs, SUMO2 and SUMO3, exist that are ubiquitously expressed and are conjugated to proteins in a similar fashion. We thus tested whether the above-identified sumoylation sites could also serve as acceptor sites for SUMO2 or SUMO3. Indeed, upon cotransfection of SUMO2 or SUMO3 together with NS1, a high-molecular-weight form was detected that was compatible with sumoylated NS1. However, SUMO2-and SUMO3-modified NS1 levels were much lower than SUMO1-modified NS1 levels. NS1 K219,221R was not sumoylated when coexpressed with SUMO2 or SUMO3, indicating that SUMO2 and SUMO3 are also conjugated to K219 and K221 (see Fig. S2 in the supplemental material). Sumoylation enhances NS1 protein stability. NS1 interferes with processing, nuclear export, and translation of host mRNA, resulting in decreased production of antiviral cytokines, including IFN (8, 43, 45, 48) . To test whether sumoylation of NS1 affects this important function, we measured gene expression levels in the absence or presence of different NS1 mutants of A/Duck/Hubei/L-1/2004 (H5N1) virus. A reporter plasmid expressing firefly luciferase under the control of the human IFN-␤ promoter (pIFN␤-Luc) was used to measure infection-induced IFN-␤ production, while a second reporter plasmid expressing Renilla luciferase under the control of the constitutive simian virus 40 (SV40) promoter (pSV40-Ren) was applied to measure host expression in general. Empty vector or plasmids expressing NS1, NS1 CPSFm , or their sumoylation-deficient mutants were cotransfected with pIFN␤-Luc and pSV40-Ren. SeV, which causes strong IFN induction without interfering with the host expression system, was applied to stimulate IFN-␤ production. As shown in Fig. 7A, IFN and general gene expression was strongly inhibited by wild-type NS1, while sumoylation-deficient NS1 K219,221R lost part of the blocking ability. Moreover, NS1 CPSFm , which was unable to inhibit the pre-mRNA cleavage and polyadenylation factor CPSF30, slightly suppressed host gene expression, while expression of its sumoylation-deficient mutant, NS1 CPSFm K219,221R
, had no effect on general gene expression. Since sumoylation often impairs protein degradation, we further examined the expression levels of NS1 proteins from cell extracts of the above samples. Amounts of the sumoylation-deficient NS1 K219,221R and NS1 CPSFm K219,221R mutants were reduced compared to those of the sumoylation-competent NS1 and NS1 CPSFm proteins (Fig. 7B ). These observations suggest that sumoylationdeficient NS1 has reduced stability, resulting in an impaired ability to inhibit host gene expression.
To further demonstrate that the reduced levels of sumoylation-deficient NS1 were due to lower stability, protein synthesis was blocked with CHX and the steady-state levels of NS1 protein expressed before CHX treatment were monitored (30) . As expected, a significant amount of wild-type NS1 was sumoylated (Fig. 7C, left panel) , whereas in cells expressing NS1 K219,221R , only the unmodified form of NS1 was detectable (Fig. 7C, right panel) . Quantification by densitometry revealed that the levels of NS1 did not change significantly after 8 h with were decreased after 8 h, by nearly 75% (Fig. 7D) . Thus, the CHX experiment supports the concept that sumoylation stabilizes NS1. SUMO1 modification of NS1 protein is observed with different influenza virus subtypes and strains. We tested the sumoylation of NS1 proteins from several avian and human isolates which have the potential to cause cross-species infection and exhibit high pathogenicity. HA-tagged NS1 proteins from several H5N1, H1N1, and H9N2 strains were coexpressed with Cer-SUMO1 or Cer-SUMO1 AA in HEK293T cells. Subsequently, NS1 was immunoprecipitated and detected in Western blots with HA antibodies. With the exception of A/Sichuan/1/2009 (H1N1) NS1, all NS1 proteins showed a strong ϳ30-kDa band and an ϳ70-kDa band when coexpressed with Cer-SUMO1 but not with Cer-SUMO1 AA (Fig.  8A ). Thus, all tested NS1 proteins were modified by SUMO1, except for NS1 from A/Sichuan/1/2009 (H1N1). We further examined all of the SUMO1 acceptor sites on these individual NS1 proteins ( Fig. 8B ; see Fig. S3 in the supplemental material) and found that K219 and K221 or K219 and K217 are responsible for SUMO1 modification of these NS1 proteins.
Interestingly, in comparing the amino acid sequences of the different strains, a C-terminal deletion of 11 aa was found in NS1 from A/Sichuan/1/2009 (H1N1), which may contribute to the lack of sumoylation for this protein (Fig. 8B) . To test this hypothesis, the C terminus of A/Sichuan/1/2009 (H1N1) NS1 was restored by mutating a stop codon after K219 (swNS1 STOPmut ) (Fig. 8C, top panel) . Nonetheless, no sumoylation of swNS1 STOPmut could be observed when it was coexpressed with Cer-SUMO1 (Fig. 8C, bottom panel) . Thus, it appears that properties other than the truncated C terminus alone prevent sumoylation of A/Sichuan/1/2009 (H1N1) NS1. Notably, for swine-origin NS1, an N-terminal HA tag was used to exclude any interference of the tag with possible sumoylation sites at the truncated C terminus. N-terminally tagged H5N1 NS1 was still sumoylated, excluding the possibility that the position of the tag in general may alter sumoylation of NS1 (data not shown). Taken together, these data suggest that sumoylation is a posttranslational modification occurring with many strains, with the exception of the newly emerged S-OIV A/Sichuan/1/2009 (H1N1) virus.
Sumoylation of NS1 protein accelerates virus replication.
To analyze the effects of NS1 sumoylation on virus replication, attempts have been made to generate recombinant viruses containing NS1 proteins with mutated sumoylation sites. When K219R and K221R mutations were introduced into NS1, we were unable to rescue WSN and H5N1 viruses. The failure to rescue virus with the K219R mutation was also observed in a previous study and may have been due to a missense mutation introduced into NS2 (64) . However, when we replaced the lysine residues with glutamic acid (E), which leaves the NS2 protein intact, we obtained a WSN virus containing NS1 with the K219E and K221E mutations. In A549 cells infected with this virus (WSN-K219,221E), NS1 was not sumoylated, while after infection with wild-type virus, SENP1-dependent sumoylation of NS1 protein was clearly detected (Fig. 9A) . We further compared growth curves for mutant and wild-type viruses. Figure 9B shows that the WSN-K219,221E virus grew to lower titers than the WSN-WT virus. The differences in growth rates were small but reproducible and were most pronounced early in replication. Thus, it appears that NS1 sumoylation accelerates replication of WSN virus.
DISCUSSION
As cell invaders and usurpers of the cellular machinery, many viruses exploit posttranslational modification systems of their hosts for their own purposes. Besides phosphorylation, glycosylation, and ubiquitination, an increasing number of viral proteins have been reported to interact with the host sumoylation system (4, 63) . Some viral proteins inhibit sumoylation of host proteins. For instance, the human cytomegalovirus (HCMV) IE1 protein was reported to prevent sumoylation of the cellular PML protein (34), the adenovirus Gam1 protein inhibits the sumoylation cascade by binding to the E1 heterodimer (5), and the herpes simplex virus (HSV) ICP0 protein reduces sumoylation of PML and other substrates, probably by recruiting the SUMO protease SENP1 (1). On the other hand, multiple viral proteins exploit the sumoylation system of the host to modulate their own functions. Viral proteins from several important pathogens, including the severe acute respiratory syndrome (SARS) coronavirus and HIV, are found to be sumoylated (4). More recently, two genome-wide screening studies revealed that components of the host sumoylation machinery are involved in the replication of influenza A viruses (33, 55) . Furthermore, NS1 protein from influenza A/PR/8/34 virus was recently reported to be sumoylated in a SUMO1 overexpression system (46) . However, it was not known if NS1 sumoylation is a general phenomenon with all influenza A viruses, and identification of the modification site and elucidation of the function of sumoylation were also lacking.
Using a yeast two-hybrid system, we identified human Ubc9, the human E2 enzyme involved in SUMO modification, as a host protein interacting with the NS1 protein of an H5N1 virus. Further analysis revealed that NS1 from the H5N1 virus was modified by SUMO1, not only in transfected but also in infected cells, indicating that the NS1 protein is a bona fide target of sumoylation. As is the case with other sumoylated proteins, sumoylation of NS1 appears to be highly reversible, since the SUMO protease SENP1 effectively removed SUMO1 from NS1. To identify the sumoylation sites, we exchanged all lysine residues of NS1 for alanine. Interestingly, mutations of lysines at positions 78 and 115, which matched with sumoylation consensus motifs, did not abolish sumoylation of NS1. Instead, we were able to demonstrate that two lysine residues at the C terminus serve as SUMO1 acceptor sites. The K221R mutation strongly impaired sumoylation, whereas only the double mutation K219R/K221R completely abolished sumoylation of NS1. Since both residues are in close proximity to each other, it appears that K221 is the preferential sumoylation site and that K219 may compensate when K221 is mutated. Similar observations have been made in other systems (29, 59) . Since the C terminus of NS1 is an evolutionarily highly variable region, a comparison among different human and avian influenza A virus strains was performed. We showed that sumoylation is conserved among most influenza A virus NS1 proteins with acceptor sites at positions K219 and K221, while K217 and K219 serve as acceptor sites in only some strains. The PR8 NS1 protein has a K221E mutation which cannot be sumoylated. The A/HK/1073/99 virus NS1 protein has an M222V mutation which may restrict sumoylation at K221. K217 might therefore replace K221 as the acceptor site in these viruses. Interestingly, NS1 from the newly emerged S-OIV H1N1 strain, lacking 11 C-terminal amino acids, was not sumoylated. A likely explanation would be that the truncation disrupts C-terminal sumoylation sites within the protein. its lack of sumoylation. It also has to be pointed out that the NS1 truncation observed with S-OIV is not unique. A comparative analysis has shown that about 20% of 7,141 NS1 proteins from many different subtypes display C-terminal deletions of the same or even a larger size (12) . Whether all of these NS1 proteins lack sumoylation or whether they are sumoylated at another site remains to be seen in future studies. Of the four SUMO paralogs, SUMO1 has been studied best and has been implicated in several processes of protein localization, interaction, stability, and activity, resulting in the regulation of mitosis, gene transcription, DNA repair, and subnuclear targeting (42, 54, 60) . The almost identical paralogs SUMO2 and SUMO3 have been associated functionally with cellular stress responses, yet the exact physiological differences among SUMO1 and SUMO2/3 are unknown (51) . Whether the recently identified SUMO4 protein shares similar properties with the other SUMO members is largely unclear. Despite its presence on the transcriptional level in a small number of tissues, endogenous SUMO4 protein has not been detected yet, and its conjugation to target proteins in vivo is questionable (37) . Many viral proteins seem to be modified preferentially by SUMO1 (4). Consistent with this observation, we provide evidence that NS1 is preferentially sumoylated with SUMO1. Although upon overexpression SUMO2 and SUMO3 were also attached to NS1 at the same lysine residues as those used by SUMO1, the extent of SUMO2/3 modification was much weaker than that of SUMO1 modification. In transfected and, more importantly, in influenza A virus-infected cells, knockdown of SENP1 strongly increased the sumoylated form of NS1. Among the six desumoylating enzymes, SENP1 preferentially cleaves SUMO1 from target proteins. Together, these data suggest that NS1 is modified predominantly with SUMO1 in vivo.
Sumoylation of NS1 has functional consequences. Our data indicate that it enhances the stability of the NS1 protein. It is reasonable to assume that the increased NS1 stability is responsible for an enhanced impediment of host gene expression which is also dependent on NS1 sumoylation, as shown here. So far, we have not been able to link these effects to any of the functional motifs at the C terminus of NS1, including the C-terminal nuclear localization signal of NS1 (NLS2), composed of amino acids K219, R220, R224, K229, R231, and R232 (36); the nucleolar localization signal (NoLS), found in some strains, that overlaps with NLS2 (36); the SH3-interacting motif formed by P212, P215, and K217, which appears to be involved in the activation of host cell signaling (25) ; and the PDZ-binding motif at positions 227 to 230, which was found to be a determinant of pathogenicity (28) . Furthermore, mutation of the sumoylation sites affects neither nuclear and nucleolar localization, the SH3 interaction of NS1, nor the interaction with CPSF30 (see Fig. S4A to C in the supplemental material). Whether the PDZ domain is affected by sumoylation is unknown.
Finally, we show here that sumoylation of NS1 accelerates the replication rate and slightly increases virus titers in WSNinfected cells. Although these effects are not dramatic, they are particularly interesting in the light of recent observations indicating that NS1 is also modified by ISG15 conjugation after IFN is induced (58, 64) . Remarkably, one of these studies showed that ISG15 conjugation occurs at C-terminal lysines, which are also the sumoylation sites, and that ISG15 conjugation of NS1 results in virus attenuation (58) . Thus, it appears that virus growth is up-and downregulated by sumoylation and ISG15 conjugation of NS1, respectively, and that the balance between both modifications may play an important role in the outcome of infection.
